ABSTRACT. The fragrance gene, betaine aldehyde dehydrogenase 2 (Badh2), has been well studied in many plant species. The objectives of this study were to clone Badh2 and compare the sequences between aromatic and non-aromatic coconuts. The complete coding region was cloned from cDNA of both aromatic and non-aromatic coconuts. The nucleotide sequences were highly homologous to Badh2 genes of other plants. Badh2 consisted of a 1512-bp open reading frame encoding 503 amino acids. A single nucleotide difference between aromatic and non-aromatic coconuts resulted in the conversion of alanine (non-aromatic) to proline (aromatic) at position 442, which was the substrate binding site of BADH2. The ring side chain of proline could destabilize the structure leading to a non-functional enzyme. Badh2 genomic DNA was cloned from exon 1 to 4, and from exon 5 to 15 from the two coconut types, except for intron 4 that was very long. The intron sequences of the two coconut groups were highly homologous. No differences in Badh2 expression were found among the tissues of aromatic coconut or between aromatic and non-aromatic coconuts. The amino acid sequences of BADH2 from coconut and other plants were compared and the genetic relationship was analyzed using MEGA 7.0. The phylogenetic tree reconstructed by the Bayesian information criterion consisted of two distinct groups of monocots and dicots. Among the monocots, coconut (Cocos nucifera) and oil palm (Elaeis guineensis) were the most closely related species. A marker for coconut differentiation was developed from one-base substitution site and could be successfully used.
INTRODUCTION
The coconut tree (Cocos nucifera Linn.) is a member of the palm family Arecaceae and grows throughout tropical countries. Coconuts are generally classified as tall or dwarf varieties. They are found in all areas of Thailand, but are mainly grown commercially in the central region of the country. Aromatic coconut is derived from a mutation in the dwarftype variety 'Musi' (Tangchatuporn, 2000) . The juice of fresh young aromatic coconuts is sweet and has a pandan leaf-like aroma (Tangchatuporn, 2000) . Aromatic coconut juice is very popular among foreigners and local people. The fragrant smell of coconut juice is similar to that of pandan leaf (Pandanus amaryllifolius Roxb.), aromatic rice (Oryza sativa L.), and the flower of Vallaris glabra (L.) Kuntze (Wongpornchai et al., 2003) , and is mainly derived from the aromatic compound 2-acetyl-1-pyrroline (2AP). This chemical was first discovered in cooked rice by Buttery et al. (1982) and is also found in volatile oil from pandan leaf (Buttery et al., 1983) . In the aromatic rice varieties Khao Dawk Mali 105 and Basmati, the quantity of 2AP is about 100-times higher than in non-aromatic varieties (Grosch and Schieberle, 1997) , making these two varieties very popular and valuable on the world market.
The pathway of 2AP biosynthesis in P. amaryllifolius, V. glabra, coconut, and in other plants has not been reported. However, in rice, biosynthesis of this aromatic compound results from the metabolism of 4-aminobutyraldehyde (AB-ald) to 1-pyrroline, which is then converted to 2AP due to the lack of the functional enzyme, betaine aldehyde dehydrogenase homologue 2 (BADH2) (Yoshihashi et al., 2002; Vanavichit et al., 2005) .
BADH proteins contain an NAD-dependent aldehyde dehydrogenase domain and a cysteine active site, which are highly conserved and necessary for the functional activity of these enzymes. In rice, BADH1 and BADH2 differ in an aldehyde dehydrogenase cysteine active site and are encoded by two different genes, Badh1 and Badh2, respectively. Badh1 is located on chromosome 4 and is involved in stress tolerance, whereas Badh2 is located on chromosome 8 and is involved in 2AP accumulation (Nakamura et al., 2001; Yoshihashi et al., 2004; Bradbury et al., 2005) . Aromatic and non-aromatic rice carry different alleles of Badh2, with the recessive allele, badh2, found in aromatic rice varieties. Mutation of Badh2 results from an 8-bp deletion and 3 single nucleotide polymorphisms (SNPs) in exon 7, an insertion of 7 bp in exon 8, or a deletion of 7 bp from exon 2. These mutations generate a premature stop codon and a non-functional truncated protein, resulting in the subsequent accumulation of 2AP. The functional wild-type BADH2 enzyme catalyzes the conversion of AB-ald to 4-aminobutyric acid (GABA), which reduces the accumulation of 2AP (Bradbury et al., 2005; Amarawathi et al., 2008; Shi et al., 2008) . Transformation of aromatic rice with the wild-type Badh2 significantly reduced the amount of 2AP (Bradbury et al., 2008; . Mutation of Badh2 was also reported to generate mutants with aromatic flavor in soybean (Arikit et al., 2011; Juwattanasomran et al., 2011) , sorghum (Yundaeng et al., 2013) , and cucumber (Yundaeng et al., 2015) .
In the present study, Badh2 was cloned from aromatic and non-aromatic coconut. The sequence and expression of Badh2 were analyzed in order to identify the allele responsible for the fragrant phenotype.
MATERIAL AND METHODS

Plant materials and DNA extraction
Aromatic and non-aromatic coconut leaves were collected from the experimental field of Chumphon Horticultural Research Center, Chumphon Province, Thailand. Root and fruit pericarp samples were collected from aromatic coconuts for RNA extraction. Total genomic DNA was extracted from leaves as described by Agrawal et al. (1992) , and kept at -80°C until required. The quality and concentration of DNA were measured by 1% agarose gel electrophoresis and spectrophotometric analysis.
RNA extraction and reverse transcription
Total RNA was extracted from 4-6 samples of coconut roots, leaves, and fruit pericarps using the cetyltrimethylammonium bromide method (Yu and Goh, 2000) , and lithium chloride precipitation as described by Stiekema et al. (1988) . DNA was removed from total RNA samples using RQ1 RNase-Free DNase (Promega, Madison, WI, USA). DNaseI-treated RNA (5 μg) was added to 1X reaction buffer, 5 µM oligo(dT) 18 primer, 20 U RiboLock RNase inhibitor, 1 mM dNTP mix, and 200 U RevertAid M-MuLV reverse transcriptase enzyme and reverse transcribed using Thermo Scientific RevertAid First-Strand cDNA Synthesis Kit (Thermo Scientific, USA), following the manufacturer instructions. The obtained cDNA was used as a template for PCR amplification.
Cloning of the full-length cDNA of Badh2
CnBadh2-cds1 primers (Table 1) were designed based on nine nucleotide sequences of Badh2 from four plant species deposited in the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov). Genomic DNA (75 ng) from aromatic or nonaromatic coconut samples was added to 50 µL 1X PS GXL buffer, 0.2 mM dNTPs, 0.25 µM each of forward and reverse primers, and 0.375 U GXL DNA polymerase (TaKaRa, Japan), and PCR was performed with an initial denaturation at 94°C for 5 min, followed by 29 cycles at 98°C for 10 s, 55-60°C for 15 s, and 68°C for 90 s, and a final extension of 68°C for 8 min.
The PCR products were detected by electrophoresis on 1% agarose gel. The DNA fragments were subsequently extracted from the ethidium bromide-stained gel, cloned using pGEM-T Easy Vector System I (Promega), and transformed into DH5α competent Escherichia coli. Nucleotide sequences of the DNA fragments were determined by Macrogen Co., Ltd. (South Korea). The new primers were designed from the obtained sequences in order to clone fulllength cDNA by semi-nested PCR. To amplify the 5'-and 3'-regions of Badh2, new Badh2-3N1, Badh2-3N2, Badh2-5N1, and Badh2-5N2 (Table 1 ) primers were designed from the partial Badh2 gene sequences obtained from the previously isolated fragment, and used together with the arbitrary degenerate primer (AD) (Liu and Whittier, 1995) or Oligo(dT) 15 VN primer. The positions of the primers are shown in Figure 1 . The 5'-and 3'-regions of Badh2 were amplified by semi-nested PCR using the same cycling condition previously described. The PCR products were detected by electrophoresis on 1% agarose gel. The DNA fragments were subsequently cloned into pGEM-T easy vector (Promega) and sequenced. The nucleotide sequences were assembled using the CAP3 program (http://doua.prabi.fr/software/cap3) and primers for the complete coding region, named CnBadh2-cds2, (Table 1) were designed. Full-length cDNAs were cloned from aromatic and non-aromatic coconuts. Their sequences were compared against the NCBI database using the BLASTx and BLASTn programs (http://blast.ncbi.nlm.nih. gov/Blast.cgi). All nucleotide sequences were determined from three to five DNA fragments amplified with corresponding primers. The sequences from both coconut types were compared using CLUSTAL O (1.2.1) multiple-sequence alignment (http://www.ebi.ac.uk/Tools/msa/ clustalo/). The complete sequences of Badh2 from aromatic and non-aromatic coconuts were submitted to the DNA data bank of Japan (DDNJ) under accession numbers LC119054 and LC119055, respectively. 
Homology modeling and protein structural analysis of BADH2
The encoded protein sequences of alleles A and B of coconut BADH2 (accession numbers LC119055 and LC119054, respectively), were used to identify potential protein templates via protein-protein BLAST (BLASTp). According to the BLAST results, the structure of the related protein, aminoaldehyde dehydrogenase 1a from Zea mays (zmamadh1a), PDB 4I8P chain A, was selected as the protein template. Selected template coordinates were then retrieved from the Protein Data Bank (www.pdb.org). Homology models of alleles A and B of coconut BADH2 were generated in SWISSMODEL WORKSPACE (Biasini et al., 2014) . The proposed models for BADH2 were then verified by PROCHECK (Laskowski et al., 1993) by submitting the coordinates to the Structure Analysis and Verification Server version 4, hosted by UCLA (http://services.mbi.ucla.edu/SAVES/). Illustrations of the structural proteins were generated by Discovery Studio 3.5 Visualizer (Accelrys Inc., San Diego, CA, USA).
Sequence analysis and phylogenetic tree reconstruction
Nucleotide sequence comparisons were performed against NCBI using the BLASTx and the BLASTn programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Then, multiple-sequence alignment was performed using CLUSTAL O (1.2.1) (McWilliam et al., 2013; Kumar et al., 2016) to compare the putative amino acid sequences with known sequences from other Badh2 genes deposited in NCBI. All protein sequences were aligned using the default parameters of Molecular Evolutionary Genetics Analysis version 7.0 (MEGA 7) for larger datasets (Kumar et al., 2016) . The amino acid substitution model and parameters were calculated by Aminosan (Tanabe, 2011) , based on the Bayesian information criterion. The phylogenetic tree was reconstructed in MrBayes 3.2 (Ronquist et al., 2012) . A total of 10,000 trees were constructed from 1,000,000 generations by sampling every 100 generations. The first 2500 trees (25%) were discarded as burn-in.
Cloning of Badh2 from genomic DNA
The genomic DNA sequence of the plant Badh2 was retrieved from GenBank (http:// www.ncbi.nlm.nih.gov/) and compared to the cDNA sequence of coconut Badh2 to determine the position of all exons and introns. Five primer pairs, named CnBadh2-G1, CnBadh2-G2, CnBadh2-G3, CnBadh2-G4, and CnBadh2-G5 (Table 2) , were designed to amplify Badh2 from genomic DNA of aromatic and non-aromatic coconuts. The PCR products were cloned and sequenced. The new primers were designed as appropriate to clone the entire gene by primer walking. The contiguous sequences of aromatic coconut were submitted to DDBJ under accession numbers LC125458 and LC125459, while the contiguous sequences of nonaromatic coconut were submitted under the accession numbers LC125460 and LC125461. 
Gene expression analysis by semi-quantitative RT-PCR
PCR primers, CnBadh2 (Table 3) , were designed from the exon region of Badh2. Gene expression was determined by semi-quantitative PCR using 50 ng first-strand cDNA from the root, leaf, and fruit pericarp as a template. Other PCR components and cycling conditions were as previously described; however, the number of cycles varied, with 26, 28, 30, and 32 cycles used for the semi-quantification of gene expression in each sample. To control for RNA quantity and quality, primers used to amplify part of the actin gene were added to the reaction mixture as a duplex PCR (Thanananta et al., 2006) . The PCR products were detected by electrophoresis on 1.5% agarose gel. 
Development of DNA markers to differentiate aromatic and non-aromatic coconuts
Nucleotide sequences of Badh2 from aromatic and non-aromatic coconuts were aligned using the default parameter of CLUSTAL O (1.2.1) multiple-sequence alignment. Two primer pairs (Table 4) were designed based on the differences identified in the sequences. The first primer pair, CnBadh2-m1, was used to amplify the DNA of aromatic coconut, while the second pair, CnBadh2-m2, was specific for non-aromatic coconut. 
RESULTS
Cloning of full-length Badh2 cDNA
RNA from coconut roots was reverse transcribed to generate first-strand cDNA and then used for PCR amplification. First, the 717-bp fragment of Badh2 was amplified using the CnBadh2-cds1 primer pair (Table 1 ). To amplify the 5'-and 3'-regions of the gene, new primers were subsequently designed based on the obtained gene sequence and used together with the AD primer (Liu and Whittier, 1995) or Oligo(dT) 15 VN primer. Sequences and position of the primers are shown in Table 1 and Figure 1 , respectively. The 3'-fragment was amplified by semi-nested PCR using Badh2-3N1 and Oligo(dT) 15 VN primers in the first round, and Badh2-3N2 and Oligo(dT) 15 VN primers in the second round. The 800-bp fragment PCR product was overlapped with the first fragment and extended to the 3'-end of the gene. Primers specific for the 5'-end of the gene were developed from the obtained sequence and used with AD primers. The first PCR was performed using Badh2-5N1 and AD primers. The product from the first round of PCR was used for the second PCR with the Badh2-5N2 and AD primers. The PCR product from the 700-bp fragment was overlapped with the first fragment and extended to the 5'-end of the gene. The sequences of the three fragments were then assembled into a complete Badh2 gene, and the primer pair CnBadh2-cds2 was used to amplify the complete gene. Badh2 was cloned from both aromatic and non-aromatic coconuts, and its sequences were compared by CLUSTAL O (1.2.1) multiple-sequence alignment. CnBadh2 in both types of coconut consisted of 15 exons with a 1512-bp open reading frame encoding 503 amino acids. Three alleles of Badh2 were identified from coconuts, named A, B, and C, where allele A was specific to a nonaromatic variety. There were two single-base substitutions in the coding sequence (CDS) of CnBadh2 at positions 1307 and 1324 in exons 13 and 14, respectively. Guanine (G) was mutated to cytosine (C) in exon 14 resulting in an amino acid change from alanine (GCT; A) in nonaromatic coconuts to proline (CCT; P) in aromatic coconuts. Additionally, variation within nonaromatic coconuts was found in the third allele, in which base C in exon 13 was replaced by base T, resulting in an amino acid change from alanine (GCA; A) to valine (GTA; V) ( Figure S1 ).
Homology modeling and structural analysis of the BADH2 protein
Amino acid sequence alignment of three BADH2 proteins revealed high similarity, with two amino acid differences at positions 436 and 442, and only one amino acid difference between non-aromatic and aromatic coconuts at position 442 (allele A and B). At this position, alanine was present in the non-aromatic coconut, and the wild-type allele changed to proline in the aromatic coconut. Amino acid sequences of the coconut BADH2 protein showed close similarity to other monocot species (Figure 2) . Protein bioinformatics revealed that the primary sequence of the A allele shared 99.7% sequence identity with that of the B allele, with only one different residue identified, A A 442 /P B 442 (Figure 3) . The phylogenetic tree was reconstructed based on the deduced amino acid sequences of their predicted proteins using MrBayes 3.2. BADH2 of vascular plants was separated into two groups containing dicot and monocot species. Coconut BADH2 showed a close relationship with other monocots, and the closest relationship was found with the oil palm E. guineensis as a monophyletic branch (Figure 4) . 
Cloning of Badh2 from genomic DNA
One-base pair difference was identified between the two alleles from aromatic and non-aromatic coconuts, and their genomic DNA sequence was subsequently determined. Five primer pairs successfully amplified the DNA of Badh2. In both coconut types, primers CnBadh2-G1 could amplify a 1056-bp fragment ranging from exon 1 to part of exon 4. Primers CnBadh2-G2 could amplify a 664-bp fragment ranging from part of exon 5 to part of exon 8. Primers CnBadh2-G3 could amplify a 936-bp fragment ranging from part of exon 7 to part of exon 9. Primers CnBadh2-G4 could amplify a 3013-bp fragment ranging from part of exon 9 to exon 15. After a long PCR amplification, a product of about 10,000 bp from exon 4, intron 4, and exon 5 was obtained from both coconut types using the CnBadh2-G5 primer. The end sequences of the product were confirmed to be part of exon 4 and 5. However, the full sequence of intron 4 was not determined, as this was not necessary. The obtained sequences could be assembled into two contigs of 1150 and 4059 bp in the aromatic coconut, and 1151 and 4059 bp in the non-aromatic coconut. The sequences were submitted to DDBJ under the accession numbers LC125458 and LC125459 for aromatic coconut, and LC125460 and LC125461 for non-aromatic coconut, respectively. The first fragment consisted of exons 1, 2, 3, 4, introns 1, 2, 3, and the 5'-part of intron 4, and the second fragment ranged from the 3'-part of intron 4 to exon 15. The structure of Badh2 comprised 15 exons and 14 introns. The size of each region is shown in Table S1 . The size and sequence of the exons and introns were highly similar in both coconut types. A few base substitutions and indels were identified in introns 2, 10, and 12, and a base substitution was found in exon 14 ( Figure 5 ). 
Expression of Badh2 in coconut
Gene expression in the two coconut types was determined using semi-quantitative RT-PCR. Two samples of cDNA each from the root, leaf, and fruit pericarp of aromatic coconuts, and two leaf samples from non-aromatic coconuts were amplified for 26, 28, 30, and 32 cycles using CnBadh2 primers for Badh2. Duplex PCR was performed with the addition of the Actin primer (Juntawong et al., 2014) to amplify the actin gene in the same reaction. The reaction was performed for 28 cycles and no differences were found among all samples. The intensity of bands at about 480 bp for the actin gene and 222 bp for Badh2 were consistent between duplicated tissue samples from aromatic coconut, and between leaf samples of the two coconut types (Figure 6 ). No differences in the level of Badh2 mRNA expression were observed. However, differences in function may be associated with altered protein structure between the two coconut types. 
Development of DNA markers to differentiate aromatic and non-aromatic coconuts
Two pairs of primers were developed to specifically amplify the DNA of aromatic or non-aromatic coconuts. The CnBadh2-m1 primers could amplify the 290-bp band from aromatic coconut and CnBadh2-m2 primers could amplify the 553-bp band in non-aromatic coconut, respectively (Figure 7) . A 290-bp DNA band amplified using CnBadh2-m1 primer in aromatic coconut (A1-A5) and B. a 553-bp DNA band amplified using CnBadh2-m2 primer in non-aromatic coconut (N1-N5).
